Introduction
Substantial long-lasting disability with cognitive deficits, [1] [2] [3] impaired overall health, 4, 5 and difficulties with community integration and work 6 are common after moderate to severe traumatic brain injury (sTBI). However, the severity of chronic symptoms and the rate of recovery is highly variable. Some patients regain good cognitive capacities and functional independence, while a reliable recognition of those who might regain good cognitive outcome is a great challenge, but essential for treatment planning.
Major effort has been put into developing prognostic models based on clinical and laboratory parameters from the acute phase following TBI. Both the IMPACT (International-Mission-ForPrognosis-And-Clinical-Trial) and CRASH (Corticosteroid-Randomisation-After-Significant-Head injury) models are based on large, prospective patient cohorts. Studies of the two prognostic models have demonstrated that high age, low Glasgow Coma Scale (GCS), 10 absent pupillary reactivity, and certain CT characteristics are associated with poor outcome or death. [11] [12] [13] However, the psychometric properties of the methods and their limitations in mainly focusing on predicting mortality have been criticized. 14, 15 Also, the fact that they do not take newer advancements in critical care management into consideration causes overestimation of the risk of mortality or unfavorable outcome. 16 Neurophysiological techniques such as somatosensory evoked potentials (SEPs) have shown some promise in aiding prognostication. 17 Specifically, SEPs have demonstrated high specificity in predicting poor outcome in anoxic coma, but presence of SEPs is not necessarily predictive of good recovery. 18, 19 Importantly, for TBI-related coma with initial absence of cortical responses, recovery of bilaterally abolished SEP followed by favorable outcome may occur more often than after other etiologies. [18] [19] [20] Also, most studies lack serial SEP recordings with potential to demonstrate sub-acute SEP-normalization, they are restricted by coarse outcome measures, and often use follow-up time-points as early as one month post injury. 18, 19, 21 ERPs are based on time-locked encephalographic (EEG) activity elicited by external or internal events, providing a neurophysiological correlate of cognitive processing at the millisecond level. ERPs range from early components representing largely sensory and automatic brain processes, i.e. the mismatch negativity component (MMN), to later components mediating increasingly more complex cognitive processes, such as the well-established P3 component, reflecting allocation of attentional and memory resources. 22, 23 A P3 response in healthy persons typically peaks between 300 and 600 ms post stimulus, while brain injury is associated with prolonged latencies and attenuated amplitudes. 22, [24] [25] [26] A meta-analysis concluded that the MMN and the P3 appear to be reliable predictors of awakening from TBI-induced coma, 27 but few ERP-
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studies have explored the relationship to recovery levels. One exception is Lew and colleagues, 28 whom summarize a review of existing literature in stating that despite promise, EEG-based techniques currently have limited clinical application beyond the prediction of negative outcomes in the acute phase. The P3 component elicited in active cognitive tasks has also been widely investigated as a marker of consciousness in patients with DoC. [29] [30] [31] The probability of eliciting cortical neurophysiological responses in patients with severe brain injury increases with the use of salient, self-referential stimuli. 32 Thus, including the subject's own name (SON) randomized with unfamiliar name (UN), in an active condition instructing subjects to count the number of SON (denoted as active or effortful ERP tasks), has proven robust and sensitive in healthy subjects as well as patients with DoC. 31, [33] [34] [35] Compared to patients with non-traumatic disorders, patients with TBI are also more likely to follow commands in active paradigms. 36 There is however scarce knowledge of the prognostic utility of ERPs beyond mere awakening from coma and detection of consciousness.
The main aim of the present study was to investigate residual cognitive capacity using ERPs in the sub-acute phase after very sTBI, and to explore their association to outcome. Presence and normalization of cognitively mediated P3 responses was explored, along with investigation of the relationship between sub-acute P3 and 6 months outcome. It was anticipated that cognitive P3 elicited in an active task could be detected at an individual level in the sub-acute phase. It was furthermore expected that P3 elicited to SON in an active task would be related to better functional and cognitive outcome 6 months post-injury. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
Methods

Study setting
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the severe range of TBI. 37 In order to recruit the most severe end of the sTBI population, additional criterions were in need of at least five days of neurointensive care. Patients were excluded if they had severe comorbidities prior to injury such as progressive neurological disorders, severe psychiatric and substance abuse disorders in need of treatment, or lack of Norwegian residency.
Patients treated with hemicraniectomy were excluded due to problems with EEG-recordings.
Patients were excluded if they had a bilaterally absent brainstem auditory evoked potentials This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
reproducible response to command (CRS-R auditory subscale score ≥ 3), and MCS-as no reproducible response to command (CRS-R auditory subscale score < 3). 46 Patients were classified with Post-Traumatic Confusional State (PTCS), 47 This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
constitutes a simpler design with reduced cognitive load, accustomed to patients with the most severe brain injuries and low cognitive capacity. This modified design has proven robust in both healthy controls and in patients with DoC. 48 In 
Outcome measures at six months follow-up
Global functional outcome was measured with the Glasgow Outcome Scale Extended (GOSE), 50 which is a recommended core outcome measure in TBI research, 51 categorizing outcome between 1 and 8. All but one patient were conscious and oriented at follow-up and could go through a neuropsychological assessment including IQ (Wechsler Abbreviated Scale of Intelligence (WASI)), 52 verbal memory and learning (Hopkins Verbal Learning Test-Revised (HVLT-R)), 53 , This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
Interference Test (CWIT 3 and 4 from D-KEFS)), 54 and working memory (Digit Span backwards, from the Wechsler Adult Intelligence Scale-Fourth Edition (WAIS-IV)). 55 
Statistical analysis
Firstly, P3 to SON in the active task was identified by visual inspection at an individual level in each recording. In cases where a P3 to SON was established, P3-amplitude differences in the passive versus the active condition to SON in T1, T2 and T3 were investigated with two-tailed paired t-tests on a trial-by-trial basis in each individual for each sampling point (in the individual P3
time-window to SON) at the midline electrodes, using the EEGLAB study function. Signs of normalization of P3 elicited in the active task, that is, a development towards a clearly identifiable P3 component with increasing amplitudes across the 3 EEG-recordings, was explored by visual inspection, resulting in a group of 6 patients (1, 4, 7, 8, 10, 12) whom displayed normalization, and a group of 8 without detectable normalization. Normalization was then primarily analyzed as amplitude change over time for each condition, comparing peak P3-amplitudes at each midline electrode between T1 and T2, T2 and T3, and T1 and T3 in each group and experimental condition, using paired-samples t-tests. Secondarily, changes in amplitude difference between active and passive conditions were explored in each group, time-point and midline electrode.
The relationship between P3 to SON in the active task and outcome at 6 months was examined with Pearson`s correlations, including the following sub-set of outcome measures; functional outcome (GOSE), verbal learning (HVLT-R, total words learned), working memory (Digit Span backwards), attentional set-shifting (TMT) and inhibition and switching (CWIT 3 and 4). The effect of GCS on these associations was examined in partial correlations where acute GCS was controlled for. Analyses involving neuropsychological variables were conducted on raw scores. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
Results
The initial included sample consisted of 19 patients. Five were excluded due to lack of cooperation, low EEG-quality or medical complications. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
Normalization of P3 across ERP recordings
The 6 patients identified as the "normalization group" (see figure 3A) showed a significantly larger P3-amplitude to SON in the active task at T3 compared to T1 at Cz (t (5 
Relationship between P3 in active task and outcome
Of the 14 patients, one achieved a good recovery level (GOSE 7-8), 9 had moderate disability (GOSE 5-6) and 4 had severe disability (GOSE 3-4). All but one patient had emerged from DoC at follow-up. Patient 12 still presented with PTCS, and could not be assessed neuropsychologically. A strong positive correlation was found at T3 between the P3-amplitude to SON in the active task and global outcome (GOSE; r(12) =.54, p<.05), while no significant relationships were evident at T1 or T2. After controlling for the role of acute GCS, P3 elicited in the active task was still significantly correlated with GOSE at T3: r(12) = .61, p < .05. There was also a strong positive correlation between P3-amplitude and learning at T3 r(11) =.60, p<.03, but not at T1 and T2. Also, P3 elicited in the active task at T3 was significantly correlated to better performance on inhibition (CWIT condition 3; r s (11) = -.65, p < .02), inhibition and switching (CWIT condition 4; r(11) = -.56, p < .05), as well as set-shifting (TMT; r(11) = -.57, p < .05). When controlling for acute GCS, all previous significant associations were still significant, and as with GOSE, some even more strongly associated (learning; r(11) = .61, p < .05, and set-shifting; r(11) = -.58, p < .05). No significant associations were found between P3 elicited in the active task and working memory (Digit Span backwards), and GCS alone was not significantly associated with GOSE or any of the neuropsychological tests.
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Discussion
To our awareness, this study is the first to investigate both the presence and normalization of sub-acutely recorded cognitive ERP as well as it`s association to global and cognitive functioning 6 months after very sTBI.
Ten of the 14 patients displayed a significant difference in the P3-amplitude to SON between the active and the passive task, demonstrating that neurophysiological indices of cognitive capacity can be identified even in the early phases after sTBI, and that neurophysiological methods encompassing active experimental conditions can tap into residual cognitive functioning in patients with sTBI, even long before standardized neuropsychological assessment is feasible.
This P3-amplitude difference even preceded overt evidence of command-following in 2 noncommunicating patients in MCS-(patient 8 and 10). However, a significant difference in P3-amplitude between the active and passive task could not be established in 23/42 recordings across the 3 time-points. Surprisingly, the majority of negative findings was in patients presenting with PTCS or regained orientation. This highlights that cognitive ERPs have low sensitivity, understood in this context as the ability of the neurophysiological assessment to detect effortful cognition in patients behaviorally displaying such capacity. It has previously been shown that the P3 component elicited in active paradigms can be a marker of consciousness in patients with DoC, but a wide variety in sensitivity rates have been found in ERP-studies, ranging from 100% to 14%.
31,57,58
It is, however, difficult to disentangle whether negative ERP-recordings can be explained by underlying patient deficits, or by methodological limitations inherent to the paradigm or recording technique. Patients with sTBI may suffer from severe cognitive impairments, such as deficits in language, attention, memory, executive functioning, cognitive drive, as well as behavioral impairments characterized by reduced motivation and lack of cooperation, all potentially preventing them from responding in active tasks despite having regained consciousness and cognitive resources. Issues related to compliance to task instructions and high levels of movement artifacts can be particularly prominent in the PTCS phase, as severe symptoms of PTCS is associated with poor cooperation. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
Six patients showed normalization of P3 to SON in the active task. However, the remaining eight did not display such normalization within the time frame of this study. Studies investigating test-retest reliability of the P3-amplitude in healthy subjects, have shown variable results, ranging from 0.31 to 0.93, although the majority of studies reported moderate-to-strong reliability estimates over periods ranging from weeks to years. 60, 61 Conducting bedside EEG-recordings in the early phase after severe brain injury is challenging and involve dealing both with environmental noise from the recording site, technical and movement artifacts, as well as potential underlying cognitive deficits. All these factors may contribute to low signal-to-noise ratios, resulting in negative findings as well as low ERP stability. In the normalization-group, the P3-amplitude was significantly larger in the active task compared to the passive at T3. Wijnen and colleagues 26 investigated ERPs in severely brain-injured patients during recovery from VS to consciousness with a paradigm encompassing regular and irregular tones, including comparison of passive listening to an active condition. They did not find differences in P3-amplitudes between patients who recovered consciousness and those who did not, nor did they see a P3-difference between active and passive tasks within the group that regained consciousness. This emphasizes the importance of including robust experimental paradigms in addition to using salient stimuli in ERP studies of patients with the most severe brain injuries.
Importantly, the P3-amplitude to SON in the active task at T3 was related to outcome, both in terms of global functioning and with regard to verbal learning, cognitive switching, and attentional set-shifting six months post-injury. Also, the P3 in the active task showed a specific relation to outcome superior to that of the acute GCS scores. A P3 component elicited in an active condition is associated with allocation of attentional and memory resources, and the task instructions require language comprehension. 22, 23 To our knowledge, this study is the first to investigate the positive association between cognitive P3 elicited in an active task and global and cognitive outcome following the most severe range of TBI, indicating prognostic utility. A previous study has shown high correlations between amplitudes of the MMN component and recovery from VS to consciousness in patients with DoC after severe brain injuries of mixed ethiologies. 62 Yet, study outcome was limited to recovery of consciousness. Houlden and colleagues 21 found that a normalized SEP obtained within the first week after injury was positively correlated with higher levels of functioning as well as better attentional performance one-year post-injury. However, SEP, even more so than the MMN component, is a highly automatic, bottom-up driven somatosensory evoked potential, but does not imply effortful cognitive processing, as does a P3 component This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
elicited in an active task. Importantly, a previous study recorded ERP and SEP within 8 days post sTBI. When comparing SEP and ERP in relation to outcome, ERP was found superior to SEP for prognosticating good functional outcome. 63 The fact that ERP can tap into cognitive capacities subacutely, and even more so, that the cognitive P3 component significantly relates to outcome both measured by GOSE, verbal learning, and attentional set-shifting and switching capacity, is highly noteworthy.
All patients included in the current study were in the most severe spectrum of TBI. Still, global functioning at 6 months post-injury showed large variation in outcome, with GOSE scores ranging from 3 to 8. A score of 8 represents "Good Recovery-Upper Level", encompassing patients with the full functional recovery after the TBI. A score of 3, on the other hand, represents "Severely Disabled-Lower Level", including patients that are completely dependent on others. 50, 64 Total IQ at follow-up varied from 69 to 115 (see table 3 ). In sum, the outcomes indicated substantial heterogeneity in functional level 6 months post-injury, as has been previously established in studies of outcome following sTBI. 4, [65] [66] [67] Hence, there is a need for more precise prognostication at an individual level in the early phase even in the most severe category of TBI, as the initial severity of the TBI, as routinely measured by the GCS, does not sufficiently predict patient outcome. Also, there is a need to not only make prognostic estimations regarding unfavorable outcomes or death, but also to early on identify those who have a good chance of positive outcome. This is potentially helpful both in guiding early therapeutic decisions, and to better inform the families.
Study limitations
Several limitations should be considered when interpreting the results of this study. Firstly, it was limited to a small consecutively included patient sample, both due to strict inclusion criteria, as well as low prevalence of the most severe injuries. This limits the statistical analysis that could be performed in the study, and there is a need for precaution with regard to representativeness of the included patients with sTBI. Also, performing repeated ERPs in the sub-acute clinical setting is complicated. For instance in ICU, the EEG-recordings might be interrupted by critical medical events, arousal may be difficult to maintain, or the patient is characterized by motor restlessness, all hazards to EEG quality. The current ERP study results are thus in need of replication in larger studies. The passive-active ERP paradigm included two names, that is, the patients own name and This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
an unfamiliar name. Linguistic features of the name-stimuli, such as gender or frequencies of syllables, were not controlled for.
Conclusions
In summary, there is a need to identify early signs of cognitive restoration, and to This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
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Figure Legends
